Using a nonequilibrium density functional calculation, we investigated the electronic transport properties and fundamental mechanism of spin polarization as a function of the location of impurities from the center to an edge of a graphene nanoribbon device ͑GND͒ with zigzag edges. A center-located impurity enables both edges to be enhanced with respect to their spin transports whereas an edge-located impurity results in only the opposite edge channel being dominant. In the case of a center-located impurity, the ferromagnetic ground state induces new spin states near the Fermi level responsible for the spin-polarized current in the GND. We argue that the spin-polarized current can flow through the edge states induced by a nonmagnetic impurity around the Fermi level, especially on a GND with a center-located impurity.
I. INTRODUCTION
Electronic spin transport in graphene, a single atomic layer of graphite, has received attention since its realization in a two-dimensional system. 1, 2 Composed of a honeycomb of sp 2 -bonded carbon atoms, graphene has a linear energy spectrum due to the intersection of electron and hole cones at the two inequivalent Fermi points of the Brillouin zone boundary. Because of the linear dispersion and concomitant topological constraints in the graphene band structure, the electronic transport carriers are described by massless Dirac quasiparticles with an energy-independent Fermi velocity v F Ϸ 10 6 m / sec. The quantum dynamics of the massless Dirac fermions give rise to a number of peculiar quantum transport properties such as half integer quantum Hall effect, minimal conductivity, and strong suppression of weak localization.
The coupling of spin and orbital motion of electrons in curved graphene has very recently been observed. Due to the weak hyperfine interaction between the carrier spins and nuclear spin in the carbon atom, graphene has attracted much interest as a promising material for spintronics and related applications such as the realization of spin qubits in carbonbased systems. Of particular interest are graphene nanoribbons ͑GNRs͒, the electronic properties of which are chemically derived and tunable by the ribbon width and length, 3 owing to quantum confinement. 4 GNRs have free edges, making them more accessible to doping and chemical modification as well as more susceptible to structural defects and impurities. Recently, it has been suggested that GNRs with zigzag edges may have a spin-polarized ground state. The spin polarization results from the edge states that introduce a high density of state ͑DOS͒ at the Fermi level. It is understood that sp electrons induce an instability of spin-band splitting. [5] [6] [7] [8] This enables the spins to be localized on the ribbon edges, and as a result they create ferromagnetic ordering within each edge and antiferromagnetic coupling between the two edges. [9] [10] [11] [12] Originating from the degenerate spin states of the ribbon edges, the magnetism of GNRs requires a perfect edge structure. However the materials used in GNRs may contain structural defects and impurities. It has been proposed that the effect of such impurities may play an important role on the electronic structure of GNR. [13] [14] [15] [16] [17] The impurity atoms can be classified into two types depending on whether they inject electrons or holes, where nitrogen and boron are the examples of electron injector and hole injector, respectively. Recently, the study on the effect of substitutional boron atom in GNR focused on elucidating the band gap and magnetism at the edges of the ribbon in GNR has garnered the attention of researchers. They showed that located at the edge of GNR, the substitutional atom influences the spin polarized states resulting in transport anisotropy, and this is due to the appearance of localized impurity states close to the Fermi level. 7, 15, 16, 18 In this regard, investigation of the robustness of the spin-polarized state at the edge in the presence of impurities may yield interesting results. Furthermore, their works cast light on how to design a graphene nanoribbon device ͑GND͒ using a molecular size of GNR and how to understand transmission properties of the device from the knowledge on the band structure of GNR and the DOS of a small size of GNR.
In this study, as an effort to make progress toward realization of molecular spintronics, we investigate the effects of substitutional nonmagnetic impurities on the spin-polarized state and electronic spin-transport property with variation in their locations from the center to the edge of the ribbon in a zigzag GNR within the local spin density approximation of density functional theory ͑DFT͒ and Keldysh nonequilibrium Green function equipped in the Atomistix tool kit. [19] [20] [21] [22] The substitutional boron ͑B͒ atom is used as a nonmagnetic hole dopant in a sample of ribbon and device, and some further calculations are done for the substitutional nitrogen ͑N͒ atom.
This paper is organized as follows. In Sec. II we describe the band structures of zigzag GNRs with a boron impurity. The transmission properties and the current-voltage ͑I-V͒ characteristics of the zigzag GND with the boron impurity are studied in Sec. III. An anomalous property of the effect of a nitrogen impurity is briefly discussed in Sec. IV. Summary and conclusion are presented in Sec. V.
II. BAND STRUCTURE OF ZIGZAG NANORIBBON
Let us start with a zigzag GNR. Among several conventions for the GNR structure, 10, 15, 23 we adopt the method used by Son et al. 10 A GNR with N z zigzag chains is referred to as N z -GNR, and the length of GNR, L, is used to denote the number of dimer lines perpendicular to the ribbon axis. In order to study the spin-polarized electronic structure induced by an impurity, we investigate four GNRs drawn in Fig. 1͑a͒ , where there are four inequivalent carbon sites labeled C1, C2, C3, and C4 from the center to the edge, respectively. On the pure GNR, localized electronic states emerge at each edge. [24] [25] [26] [27] The localized edge states provide a twofold degenerate flat band at the Fermi energy E F . 28 By invoking band magnetism, it is shown that a spin-polarized state is the ground-state spin configuration where the ferromagnetic orderings are prominent at both edges in the GNR. 10, 11 Here we focus on studying the stability of spin-polarized states and the physical property of electronic spin transport in the presence of single boron impurity using four GNRs. More than one substitutional boron atom in four GNRs changes the band structure in a very complicated manner due to the correlation effect between the boron atoms. In the case of four GNRs, a supercell with 11 dimer lines is appropriate to consider a single impurity effect, depending on its location. 7 Therefore, four GNRs with 11 dimer lines, referred to as N4L11-sized, are used as a supercell for the DFT calculation, as highlighted in Fig. 1͑a͒ . Depending on the location of the impurity, the GNR with a boron impurity at C1 site is referred to as B-C1 GNR, and so on. All the calculations done after each supercell have been optimized with fixed lattice constants.
The Mulliken analysis in Table I shows that the charge and spin populations are maximized at the edge carbon. Considering two dimer lines which make one armchair chain, the edge carbon has 4.11, the next carbon 3.97, and then all the other carbons have around 4.00 in charge population. 7 The extra charges come from the passivated hydrogen of the edge carbon. As for spin population, it diminishes exponentially along with the armchair chain from the edge to the center depending on the sublattices. When boron is doped at four GNRs, the empty p z orbital of boron is occupied by the p z electrons of the nearest carbons. So when boron is doped at C3 site, it has maximum charge population due to the electron-rich edge carbons. Boron at C4 site has smallest charge because it has two nearest carbon atoms. From the DFT calculation, the net and absolute magnetizations of the supercells, the bandgaps, and the total energies of the supercells are presented for each type of B-doped GNR and pure GNR in Table II .
The net magnetization of the pure GNR in the supercell has a value of 2.21 B for the case of FM and 0.0 B for the case of AF, as given in Table II . 10 As a result of the boron impurity with its location, the net magnetization goes higher in AF as the impurity location is moved from the center, the C1 site, to the edge, the C4 site, whereas it becomes more suppressed in FM. The reason for this is that the nonmagnetic impurity suppresses the local magnetization in its vicinity on the GNR, as shown in the absolute magnetization in Table II . 7 Considering the Mulliken population analysis in Table I , boron at C3 site shows largest perturbation of charge population on GNR, therefore it suppresses local magnetization of GNR most prominently, as shown in the absolute magnetization in Table II . The spatial distributions of the spin reveal that both edges are still prominent on FM B-C1 GNR in Fig. 2͑a͒ , while one edge is completely suppressed on B-C4 GNR in Fig. 2͑b͒ . Note that there are no differences between AF and FM when the local magnetization is suppressed on one edge by a B-C3 or B-C4 impurity.
The stabilities depending on the spin configurations can be estimated by the energy difference ⌬E between the paramagnetic ͑PM͒ state and magnetically ordered states in Table  II . The total energy of the pure GNR with AF is more stable ͑9.6 meV per edge atom͒ than that with FM. 15, 16 But the impurity destabilizes the spin configurations and the difference of stability between AF and FM becomes smaller. Furthermore, FM is found to be more stable than AF due to the impurity effect. On the other hand, relative stabilities depending on location of the impurity show that boron at C4 position is the most stable, and becomes less stable as the impurity location is moved from the edge to the center in the case of the PM configuration. Compared to the C4 position, boron-doped four GNRs at C3, C2, and C1 positions have formation energies increased by 0.87, 0.82, and 1.04 eV, respectively, for given N4L11-sized GNR.
We next describe the impurity effects on the band structures. With respect to pure GNR, the band structure of AF displays a degenerated ground state with a gap of 0.64 eV, as shown in Fig. 3͑a͒ . In the case of FM, in Fig. 3͑b͒ , the ground state is a spin-polarized state where the spin-down band is dominant in the conduction band while the spin-up band is dominant in the valence band. Considering the effect of the boron impurity, B-doped GNR changes from a metallic state to a semiconductor state with different bandgaps for both spin configurations as the impurity location is changed from the center to the edge. In particular, the boron impurity effect produces new states near the Fermi level on AF B-C1 GNR, as shown in Fig. 3͑c͒ , when it is located at the center. The ground state of B-C1 GNR with FM also has new spin states near the Fermi level, as shown in Fig. 3͑d͒ . In particular, the latter has strongly spin-polarized narrow bands near 
III. SPIN-POLARIZED TRANSPORT PROPERTY OF GRAPHENE NANORIBBON DEVICE
In order to study the spin-polarized transport property of GNR, we designed a two-probe GNR device made of a N4L11-sized cut ͑C 44 H 10 ͒ of the GNR shown in Fig. 1͑d͒ with gold electrodes, as shown in Fig. 1͑e͒ . Each cut with and without an impurity is relaxed and then attached to the Au ͑001͒ surface. In the scattering region of the fcc gold, the number of the unit cells is set at 4 ϫ 2 ϫ 1 to satisfy both accuracy and computational costs. Four carbon atoms at both edge sides are in contact with the gold electrode. Because of difference of the lattice constant between gold and carbon, there is small variation in the carbon atom-electrode distance. The carbon atom at a corner of the edge in contact with the electrode is positioned at the hollow site of the ͑001͒ electrode slab. Considering the van der Waals radii of Au and C, we set the electrode/GNR molecule distance d as 1.77 A ͓see Fig. 1͑d͔͒ . We first examine the DOS of each GNR and then calculate the transmission coefficients and I-V characteristics of GND by using the Keldysh nonequilibrium Green function formulation [19] [20] [21] [22] and finally explain the results as a generalized feature of GND.
To show the electronic structures of GND on a molecular scale, Fig. 4 displays the projected DOS ͑PDOS͒ for the GNR cut of C 44 H 10 from the two-probe system with and without an impurity atom, where the two-probe system is consisted of N4L11-sized cut of four GNRs and the gold electrodes. The pure GNR with FM shows more enhanced spin-polarized DOS when the GNR is attached to the electrode. The four states just below the Fermi energy emerge as the localized edge states, whereas the other states are delocalized over all the carbon atoms. Near the Fermi energy, each wave function is revealed as an edge state localized on one side in the case of AF, whereas each wave function is an edge state localized on both sides in the case of FM. Therefore, the PDOS of the pure C 44 H 10 GNR has correspondent electronic features of the band structures of the GNR. By cutting the GNR into rectangular shape, there appear armchair edges on both cut sides of GNR, where the local magnetization of the C 44 H 18 GNR is suppressed. 11, 29 This reduces the net magnetization of the GNR cut before gold electrodes are attached.
The transmission spectra ͑TS͒ of pure GND are represented in Fig. 5͑a͒ with AF and ͑b͒ with FM, respectively. Generally, the TS of spin up and spin down are split near the Fermi energy, but they coincide in the region far from the Fermi energy. The TS of both spins are slightly split in AF due to the charging effect at the contacts between the GNR and the gold electrodes. The I-V behaviors of the pure GND are characterized and shown in Fig. 5͑c͒ for AF and ͑d͒ for FM. A slight spin-polarized current appears on both spin FIG. 4 . ͑Color online͒ The PDOS of the GND of C 44 H 10 for spin up ͑red solid line͒ and spin down ͑blue dot line͒ in the case of ͑a͒ AF and ͑b͒ FM. The PDOS for GND with a boron impurity for ͑c͒ B-C1, ͑d͒ B-C3, and ͑e͒ B-C4 with respect to the Fermi energy. Note that two states are degenerated in ͑e͒. PDOS is an arbitrary unit and each peak of the usual height is for a single state.
configurations in a small range of energy of about Ϯ0.15 eV. The spin polarization effect around zero bias region is a general feature of GND. This is because the edge states responsible for the spin polarization are located near the Fermi level. Thus, as the bias increases, the spin polarizability of the current is smeared. Due to the symmetrical location of both spins against the Fermi energy in the DOS of the pure GNR, the spin polarizability of the current is small. 
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The computational results of the TS and the I-V characteristics are displayed in Fig. 6 for B-C1 and B-C4 GNDs in the presence of boron impurity. A striking difference between spin up and spin down is revealed in the TS and the I-V characteristics in Figs. 6͑a͒ and 6͑c͒ for B-C1 GND. Noticeable spin polarization effect also appears for B-C4 GND in Figs. 6͑b͒ and 6͑d͒.
In order to assess this physical picture for spin polarization, we introduce a spin-injection factor on the GND model. By using spin currents we define the spin-injection factor as follows:
The for the pure GND, B-C4, B-C3, and B-C1 GND are drawn in Fig. 7 from top to bottom. changes its sign depending on the bias voltage. In cases of pure and B-C1 GND, the sign of was reversed for comparison. goes to zero when the bias voltage exceeds roughly Ϯ0.15 V. ͉͉ is given in Table III at its maximum value for the respective devices. In all B-doped GNDs, is raised more than two times as large as the pure GND. B-C4 GND displays 20% spin polarization whereas the pure GND has 9.5% spin polarization. In B-C1 GND, up to 39% of the spin polarization is attained. 31 This interesting behavior of can be explained through a localized picture of the magnetic moment as a function of the location of the impurity. The spin polarization effect is more enhanced when the impurity is located at the center site of the ribbon than when it is at the edge site. The net magnetization of B-C1 GND is more highly suppressed than that of B-C4 GND, as shown in Table III . Nevertheless, the spatial distribution of spin on B-C1 GND reveals that edge states are prominent on both sides, whereas the spatial distribution of spin on B-C4 GND shows that the edge state is dominant only on one side. This gives rise to a high spininjection factor for B-C1 GND. 32 Not only the local moment effect but also the electronic structures of GNR with nonmagnetic impurity provide high spin polarization to the GND with a center-located impurity. Considering the band structure of FM B-C1 GNR in Fig.  3͑d͒ , dominancy of the spin-up channels around the Fermi level can be clearly observed. However in case of B-C4 GNR in Fig. 3͑f͒ both spins have a bandgap of similar size. Thus, the new states induced by the nonmagnetic impurity on FM B-C1 GNR give rise to higher spin-polarized current.
IV. A BRIEF DISCUSSION ON THE NONMAGNETIC IMPURITY EFFECTS INCLUDING NITROGEN IMPURITIES
In order to investigate the stability and the structure of the band magnetism, due to an impurity atom which presents localized states that is responsible by injection of an electron at the states close to the Fermi level, we study the PDOS for the nitrogen-doped GNR and GND. The net and absolute magnetization of the supercell, the band gap, and the stability of the N-doped GNR are presented in Table IV .
The band structures of N-doped GNR show an electrondoped effect compared with B-doped GNR. However, the net magnetization is more suppressed by the nitrogen impurity than the boron impurity. Considering the absolute magnetization on the each structure, the effect of boron on the center site changes the absolute magnetization from 3.43 B ͑for pure GNR͒ to 3.05 B ͑GNR͒ and 0.54 B ͑GND͒, as listed in Table II , while the effect of nitrogen changes the absolute magnetization to 2.36 B ͑GNR͒ and 0.00 B ͑GND͒. This shows that the local magnetization is more suppressed by the nitrogen impurity than by the boron impurity. Our calculation shows that in the two-probe configuration, N-C4 GND also has minor spin polarization factor ͑3.7%͒, which is consistent with the prediction by Martins et al., while N-C1 GND shows essentially 0.0% of spin polarization factor. Such I-V characteristics can be understood from the TS. The TS of N-C1 GND show completely spin-degenerated behavior, whereas that of N-C4 GND show spin-polarized behavior. The above results reveal that the electronic and magnetic correlation effects induced by the electron-doped impurities and those induced by the hole-doped impurities are quite different from each other.
V. SUMMARY AND CONCLUSION
In this paper we systematically examined the effects of nonmagnetic impurities on GNR with zigzag edges as a function of the location of the impurity and the transport property of GNR device with zigzag edges using the Keldysh nonequilibrium Green function formulation based on a DFT. A single boron or nitrogen impurity was substituted for the carbon atom from the center site to the edge site in four GNRs. The impurity destabilizes the spin configurations of the GNR. Specifically, the ferromagnetic spin configuration is more stable than the antiferromagnetic spin configuration in the GNR with an impurity at the center site ͑C-GNR͒. The nonmagnetic impurity suppressed the local magnetization of the ribbon at the impurity site and in its vicinity. The magnetization is maintained on both sides of the ribbon in the case of the GNR with an impurity atom at center site ͑C-GNR͒, whereas in the case of the GNR with an impurity at one edge site ͑E-GNR͒, the magnetization on its side disappears almost completely while it is maintained on the other edge of the ribbon. However the center-located impurity induces new spin-up state below the Fermi level, which is responsible for large spin polarization factor of 40%. The pure GND with antiferromagnetic spin configuration revealed about 10% of the spin polarization factor, which is ascribed to the asymmetric contact between the graphene and the gold electrode induced by the difference of the lattice constants and the charging effect at the contact, even though DOS of the isolated pure GNR cut of C 44 H 18 has perfect spin-degenerated structure. It has been considered that the edge states near the Fermi energy are responsible for the spin current. However our study revealed that the physical origin of the effective spin-polarized current in the case of the C-GND is ascribed to the appearance of new state below the Fermi level, which is due to the correlation between itinerant sp electrons and localized magnetic moment induced by the nonmagnetic impurity atom. [5] [6] [7] [8] These results point toward the possibility of realizing new types of molecular spintronics on the real samples of N z -GNR with zigzag edges. Comparison between the pure and N-doped GNRs. First, the net and absolute magnetizations on the N4L11 supercell in the unit of B . Second, bandgaps for spin up and spin down in AF and FM configurations are given. Here, M denotes the metallic band structure. Third, the stabilities of both spin configurations as the energy difference with respect to the PM configuration are presented, ⌬E = tE͑PM͒-tE͑AF, FM͒, where tE stands for total energy.
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